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Heterozygosity at neutral and immune loci is not associated 
with neonatal mortality due to microbial infection in Antarctic 
fur seals
























role	 in	 evolutionary	 and	 conservation	biology,	 yet	 their	mechanistic	 basis	 remains	
open	to	debate.	For	example,	fitness	associations	have	been	widely	reported	at	both	
neutral	 and	 functional	 loci,	 yet	 few	studies	have	directly	compared	 the	 two,	mak-








was	 positive	 and	 significant,	 indicative	 of	 variance	 in	 inbreeding	within	 the	 study	
population.	However,	multilocus	heterozygosity	did	not	differ	significantly	between	
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First,	 early	 studies	 tended	 to	assume	 that	more	homozygous	 in-
dividuals	were	less	fit	due	to	inbreeding	depression	(the	“general	
effect	 model”	 (Hansson	 &	Westerberg,	 2002)).	 However,	 a	 sec-
ond	possibility	 is	 that,	by	chance,	one	or	a	 few	markers	 lie	close	
enough	to	a	gene	under	balancing	selection	such	that	linkage	dis-
equilibrium	 creates	 a	 pattern	 where	 heterozygosity	 at	 the	 gene	
and	marker	are	correlated	(the	“local	effect	model”	(David,	1998)).	
Both	 mechanisms	 have	 been	 criticized	 on	 theoretical	 grounds,	
general	effects	because	of	simulations	suggesting	that	inbred	in-














and	 attractiveness.	 There	 is	 some	 evidence	 to	 suggest	 that	 im-
mune	genes	do	play	a	disproportionate	role,	in	at	least	some	cases	
(Luikart,	Pilgrim,	Visty,	Ezenwa,	&	Schwartz,	2008;	Banks,	Dubach,	




it	 has	proven	difficult	 to	disentangle	 the	 contributions	of	differ-
ent	genes	because	the	vast	majority	of	studies	use	neutral	micro-
satellites,	 whereas	 studies	 using	markers	mined	 from	 functional	
genomic	 regions	 (Da	 Silva	 et	 al.,	 2009;	Olano-Marin,	Mueller,	 &	












Allendorf,	 &	 Luikart,	 2014;	Miller	 &	 Coltman,	 2014)	 although	 see	
Forstmeier,	 Schielzeth,	Mueller,	 Ellegren,	 and	 Kempenaers	 (2012).	
Consequently,	Chapman	et	al.	(2009)	questioned	the	merit	of	using	









past,	 these	 traits	 made	 them	 easy	 targets	 for	 hunting,	 but	 today	
they	facilitate	long-term	studies	of	known	individuals.	This	predict-
ability,	coupled	with	interest	in	their	wide	range	of	breeding	behav-
iors	 (Cassini,	 2000;	 Fitzpatrick,	 Almbro,	 Gonzalez-Voyer,	 Kolm,	 &	
Simmons,	2012;	Krüger,	Wolf,	Jonker,	Hoffman,	&	Trillmich,	2014),	
















on	 neonatal	 survival	 (Hoffman	 et	 al.,	 2006).	 Taken	 at	 face	 value,	
this	may	 suggest	 that	HFCs	 in	 this	 species	 are	 disproportionately	




may	well	 be	 related	 to	 heterozygosity,	 particularly	 of	 the	 immune	
system	 (Acevedo-Whitehouse	 et	 al.,	 2005;	 Hawley,	 Sydenstricker,	
Kollias,	&	Dhondt,	2005;	Lyons	et	al.,	2009).
Here,	we	delve	 into	greater	detail	by	revisiting	the	question	of	
whether	 heterozygosity	 influences	 early	 pup	 survival	 using	 three	
complimentary	 approaches.	 First,	 we	 enriched	 the	 current	 study	
for	fur	seal	pups	whose	most	likely	cause	of	death	was	bacterial	in-
fection.	Second,	we	increased	the	number	of	neutral	microsatellites	
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immune	 genes.	We	hypothesized	 that	 an	HFC	would	 be	 detected	





2.1.1 | Study site, data collection and 
tissue sampling
This	 study	was	 conducted	at	Bird	 Island,	 South	Georgia	 (54°00′S,	
38°02′W),	 during	 the	 austral	 summers	 of	 2000/2001–2013/2014	
(hereafter	 breeding	 seasons	 are	 referred	 to	 by	 the	 year	 in	 which	
they	 began).	 The	 study	 population	was	 located	 at	 a	 small	 cobble-
stone	breeding	beach	(approximately	440	m2	at	high	tide)	that	was	




Approximately	900	adult	 females	were	 randomly	 selected	 and	
tagged	using	plastic	cattle	ear	 tags	 (Dalton	Supplies)	placed	 in	 the	
trailing	 edge	 of	 the	 foreflipper	 (Lunn	 &	 Boyd,	 1993).	 Pups	 born	



















where	pups	exhibited	 traumatic	 injuries	 (e.g.	 crushed	 skull	or	 ribs)	




















the	categories	 “cellular	 components,”	 “biological	process,”	and	 “mo-
lecular	function”	as	well	as	the	keywords	for	hits	to	the	following	list	
of	 search	 terms:	 “immun*,”	 “antigen,”	 “chemokine,”	 “t-cell,”	 “MHC,”	








Hoffman	and	Nichols	 (2011)	plus	a	 further	76	 loci	 that	 carried	at	
least	 six	 repeat	units	 (Table	S2).	 Forward	primer	 sequences	of	 all	
96	 oligonucleotide	 primer	 pairs	were	 equipped	with	 a	M13(−21)-
tail	 (TGTAAAACGACGGCCAGT),	 which	 enabled	 us	 to	 use	 the	
M13	 system	 for	 fluorescent	 labeling	 of	 PCR	 products	 following	
Schuelke	 (2000).	 Each	 locus	 was	 tested	 for	 PCR	 amplification	 in	
twelve	 unrelated	 Antarctic	 fur	 seal	 individuals.	 PCRs	 were	 per-
formed	in	single	reactions	with	5	μl	TEMPase	Hot	Start	2×	Master	
Mix	 (VWR,	 Darmstadt,	 Germany),	 1	 μl	 of	 genomic	 DNA,	 0.25	 µl	
forward	primer	(2	nM),	1	µl	each	of	the	reverse	and	M13(−21)	uni-
versal	 primer	 (2	 nM),	 and	 autoclaved	 water	 totaling	 a	 volume	 of	
10 μl.	Thermocycling	using	a	TProfessional	standard	Thermocycler	
(Biometra	 GmbH,	 Göttingen,	 Germany)	 comprised	 an	 initial	 de-
naturation	step	at	95°C	 for	15	min	 followed	by	26	cycles	of	30	s	
denaturation	at	95°C;	1	min	annealing	at	either	60°C	or	55°C	and	
1	 min	 extension	 at	 72°C,	 followed	 by	 eight	 additional	 cycles	 of	
30	s	at	94°C,	1	min	at	53°C,	and	1	min	at	72°C.	A	final	extension	
step	 was	 performed	 at	 72°C	 for	 4	 min	 with	 subsequent	 cooling	
to	4°C.	Amplification	 success	was	 initially	determined	by	 running	
1 μl	of	each	PCR	product	on	a	standard	2%	agarose	gel	for	20	min	
at	100	V.	Reactions	 that	 failed	 to	generate	discernible	PCR	prod-
ucts	 at	 an	 annealing	 temperature	 of	 60°C	 were	 then	 repeated	
with	an	annealing	temperature	of	55°C.	Afterward,	all	of	the	PCR	
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products	were	 transferred	 to	96-well	 detection	plates,	 filled	 to	 a	
total	volume	of	20	µl	with	ROX	size	standard	(1:300	dilution,	range	
35‒500	 bp)	 and	 analyzed	 on	 an	 ABI	 3730xl	 capillary	 sequencer	
(Applied	Biosystems).	Allele	 sizes	were	 scored	 using	 the	 program	
GeneMarker	version	2.6.2	(SoftGenetics®:	State	College).




necropsy	 to	 be	 bacterial	 infection	 (n	 =	 39	 sampled	 over	 ten	 sea-
sons)	together	with	a	five	times	larger	matched	sample	of	randomly	
selected	 healthy	 pups	 that	 survived	 until	 the	 end	 of	 the	 respec-
tive	field	seasons	 (n	=	195).	The	sample	of	healthy	 individuals	was	
matched	 in	 the	 sense	 that	we	 endeavoured	wherever	 possible	 to	
select	these	animals	from	the	same	years	as	infected	individuals	in	
order	to	maximize	comparability.	This	was	achieved	in	all	years	apart	
















resolved	 by	 electrophoresis	 on	 an	 ABI	 3730xl	 and	 allele	 sizes	
were	called	relative	to	the	LIZ	size	standard	(1:150	dilution)	using	



















bution	 of	 each	 locus	 by	 the	 expected	 heterozygosity	 at	 that	 locus	
(Coltman,	Pilkington,	Smith,	&	Pemberton,	1999).	This	was	performed	
for	all	of	the	markers	combined,	as	well	as	separately	for	the	neutral	








death	 from	bacterial	 infection,	we	 constructed	 several	 alternative	




1	=	dead)	and	 included	year	as	a	 random	effect	 to	control	 for	any	































tested	 in	 12	 individuals	 using	 the	 M13	 approach,	 11	 produced	
clearly	 interpretable	 and	 polymorphic	 PCR	 products	 (Table	 S4).	
A	 further	60	 loci	 yielded	monomorphic	PCR	products	while	 the	
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To	quantify	 the	 variance	 in	 inbreeding	within	 the	Antarctic	 fur	
seal	population,	we	calculated	the	two-locus	disequilibrium	(g2)	based	
on	the	neutral	 loci.	Our	estimate	 (0.0011,	95%	confidence	 interval,	
CI	 =	 −0.0002	 to	 0.0025,	 Figure	 2a)	was	 similar	 in	magnitude	 to	 a	
previous	study	of	 the	same	population	and	was	statistically	signifi-
cant	(p	=	0.033).	To	test	for	effects	of	heterozygosity	on	death	from	
bacterial	 infection,	we	 then	used	a	multimodel	 inference	 approach	
to	compare	alternative	models,	including	null	models	with	no	genetic	
terms	as	well	as	models	containing	sMLH	calculated	respectively	for	
the	neutral	 loci,	 the	 immune	 loci,	 and	all	of	 the	 loci	 combined	 (see	
Materials	and	methods	for	details).	The	best	supported	model	con-






based	on	the	neutral	 loci,	 the	 immune	 loci,	and	all	of	 the	 loci	com-
bined	are	given	in	Table	2.	sMLH	did	not	differ	appreciably	between	
healthy	and	 infected	pups,	regardless	of	which	class	of	marker	was	
















mal	 kingdom	but	 remain	poorly	 understood	because	most	 studies	
still	use	too	few	genetic	markers	to	capture	variation	in	inbreeding	









4.1 | Immune microsatellite development, 
polymorphism levels and cross‐amplification
By	focusing	our	microsatellite	development	effort	on	immune	loci	re-
siding	within	expressed	transcripts,	we	generated	a	new	marker	panel	





lites	 themselves	have	direct	 functional	effects	or	whether	 they	are	








selection	on	 functional	 regions	of	 the	genome	constrains	microsat-
ellite	 mutation	 over	 evolutionary	 timescales	 (Dufresnes,	 Brelsford,	
Béziers,	&	Perrin,	2014).	However,	it	is	also	possible	that	the	improved	
cross-amplification	of	immune	loci	could	be	a	reflection	of	their	lower	










persistently	 high	 levels	 of	 polymorphism	 across	 species	 are	 bet-
ter	 able	 to	 detect	 local	 effects	 because	 they	 are	 biased	 in	 favour	
of	loci	near	genes	under	balancing	selection	(Hoffman	et	al.,	2010).	
However,	our	findings	hint	at	a	potential	alternative	explanation	as	
cross-amplified	 loci	 may	 also	 provide	 greater	 power	 to	 detect	 in-
breeding	effects	due	 to	 their	higher	 allelic	 richness.	Regardless	of	
the	exact	explanation,	our	 study	highlights	a	practical	difficulty	 in	
quantifying	 genetic	 variability	 and	 its	 fitness	 consequences	 from	
TA B L E  1  Alternative	models	of	pup	survival	ranked	in	order	of	their	AICc	support
Model Structure k AICc ∆AICc AICc weight Log likelihood
1 survival	~	1	+	(1|year) 2 214.91 0.00 0.27 −105.43
5 survival	~	1	+	birth	weight	+	(1|year) 3 215.56 0.64 0.19 −104.73
4 survival	~	sMLH	(neutral	microsatellites)	+	(1|year) 3 216.66 1.74 0.11 −105.28
2 survival	~	sMLH	(all	microsatellites)	+	(1|year) 3 216.74 1.83 0.11 −105.32
3 survival	~	sMLH	(immune	microsatellites)	+	(1|year) 3 216.97 2.05 0.10 −105.43
8 survival	~	sMLH	(neutral	microsatellites)	+	birth	
weight	+	(1|year)
4 217.43 2.51 0.08 −104.62
6 survival	~	sMLH	(all	microsatellites)	+	birth	
weight	+	(1|year)
4 217.47 2.56 0.07 −104.65
7 survival	~	sMLH	(immune	microsatellites)	+	birth	
weight	+	(1|year)
4 217.63 2.71 0.07 −104.73
TA B L E  2  Model-averaged	parameter	estimates	for	multilocus	
genetic	terms









7992  |     LITZKE ET aL.
microsatellites,	as	it	is	a	common	practice	to	cross-amplify	loci	from	
other	species	but	this	may	result	in	biased	parameter	estimates.














4.3 | Fitness effects of neutral and immune 
heterozygosity
We	 found	 no	 effect	 of	 multilocus	 heterozygosity	 on	 pup	 survival,	
in	 contrast	 to	 studies	 of	 several	 other	 pinniped	 species	 including	
grey	seals	(Bean	et	al.,	2004),	harbour	seals	(Rijks,	Hoffman,	Kuiken,	

















cies	 using	 a	 similar	 approach	 have	 uncovered	mixed	 results,	 with	






neutral	 nor	 immune	microsatellites	 appear	 to	 have	 an	 appreciable	
effect	on	mortality	due	to	bacterial	infection	in	Antarctic	fur	seals,	






























an	 indication	 of	 the	 likelihood	 of	 the	 true	 effect	 size	 being	 zero.	
Furthermore,	the	presentation	of	effect	sizes	and	associated	CIs	fa-
cilitates	direct	comparisons	among	studies	as	well	as	meta-analyses	





collecting	 large	 individual-based	 genetic	 and	 life-history	 datasets.	




















heterozygosity	 and	 fitness	 have	 been	 reported	 in	 diverse	 organ-





ing	mainly	 from	smaller	 studies,	 an	observation	 that	 led	Coltman	
and	 Slate	 (2003)	 to	 conclude	 that	 many	 HFC	 studies	 may	 have	
been	 conducted	 as	 an	 afterthought	 using	microsatellite	 datasets	













Although	 inbreeding	occurs	 in	our	 study	population	 and	 can	be	
detected	with	our	panel	of	neutral	markers,	neither	neutral	nor	
immune	microsatellite	 heterozygosity	was	 associated	with	 neo-
natal	mortality	 due	 to	 bacterial	 infection	 in	 Antarctic	 fur	 seals.	
Taken	 together	 with	 the	 results	 of	 a	 previous	 study	 (Hoffman	
et	 al.,	 2006),	 our	 results	 therefore	 suggest	 that	 heterozygosity	
may	have	its	strongest	effects	 in	Antarctic	fur	seals	after	wean-
ing	(Forcada	&	Hoffman,	2014)	and	in	adulthood	(Hoffman	et	al.,	
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